Quantum interference plays an important role in various intense-laser-driven atomic phenomena, e.g., above-threshold ionization and high-order harmonic generation, and provides a useful tool in ultrafast imaging of atomic and molecular structure and dynamics. However, it has eluded observation in nonsequential double ionization (NSDI), which serves as an ideal prototype to study electron-electron correlation. Thus far, NSDI usually could be well understood from a semiclassical perspective, where all quantum aspects have been ignored after the first electron is tunneled. Here we perform coincidence measurements for NSDI of xenon subject to laser pulses at 2400 nm. It is found that the intensity dependence of the asymmetry parameter between the yields in the 2nd and 4th quadrants and those in the 1st and 3rd quadrants of the electron-momentum-correlation distributions exhibits a peculiar fast oscillatory structure, which is beyond the scope of the semiclassical picture. Our theoretical analysis indicates that this oscillation can be attributed to interference between the contributions of different excited states in the RESI channel (recollision-excitation with subsequent ionization). Our work demonstrates the significant role of quantum interference in NSDI and may create a new pathway towards manipulation and imaging of the ultrafast atomic and molecular dynamics in intense laser fields.
Quantum interference plays an important role in various intense-laser-driven atomic phenomena, e.g., above-threshold ionization and high-order harmonic generation, and provides a useful tool in ultrafast imaging of atomic and molecular structure and dynamics. However, it has eluded observation in nonsequential double ionization (NSDI), which serves as an ideal prototype to study electron-electron correlation. Thus far, NSDI usually could be well understood from a semiclassical perspective, where all quantum aspects have been ignored after the first electron is tunneled. Here we perform coincidence measurements for NSDI of xenon subject to laser pulses at 2400 nm. It is found that the intensity dependence of the asymmetry parameter between the yields in the 2nd and 4th quadrants and those in the 1st and 3rd quadrants of the electron-momentum-correlation distributions exhibits a peculiar fast oscillatory structure, which is beyond the scope of the semiclassical picture. Our theoretical analysis indicates that this oscillation can be attributed to interference between the contributions of different excited states in the RESI channel (recollision-excitation with subsequent ionization). Our work demonstrates the significant role of quantum interference in NSDI and may create a new pathway towards manipulation and imaging of the ultrafast atomic and molecular dynamics in intense laser fields. 
I. INTRODUCTION
Quantum mechanics implies via wave-particle duality wavelike phenomena for massive particles so that interference is an, in principle, omnipresent effect. Especially, in strong-field atomic and molecular physics, where the presence of the field makes available different paths into the same final state [1] , interference should be ubiquitous. Indeed, great efforts have been made to explore the important role of interference in atomic and molecular above-threshold ionization (ATI) [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] and highorder harmonic generation (HHG) [14] [15] [16] [17] [18] . In fact, the ATI peaks in the photoelectron spectrum can be understood as an intercycle interference effect [19] and interference fringes in the photoelectron momentum distribution (PMD) are attributed to intracycle interference, which can be interpreted as a hologram that encodes the structure and the dynamics of the atoms and molecules with attosecond temporal and angstrom spatial resolu- † xjliu@wipm.ac.cn ‡ chen jing@iapcm.ac.cn * xlhao@sxu.edu.cn tion [20] [21] [22] [23] . In molecular HHG, interference between the photoelectron wavepackets generated from the different nuclear centers will modify the HHG spectrum [14] [15] [16] [17] [18] and, based on this, HHG spectroscopy has been extensively employed in ultrafast imaging of molecular structure and dynamics [24] [25] [26] [27] .
However, in stark contrast to the well established quantum interference features in ATI and HHG and their increasing applications in ultrafast science, no solid evidence of interference has been identified for another important strong-field process, i.e., nonsequential double ionization (NSDI) [28, 29] , even though it has attracted much attention for the last decades because it involves electron-electron correlation [28] [29] [30] [31] . It is still an open question if and how interference effects will play a significant role in the observable NSDI dynamics. At first glance, this may be surprising considering the fact that electron rescattering [32, 33] , which is responsible for the above-mentioned ATI and HHG processes, has also been established as the main mechanism underlying NSDI. However, compared with ATI and HHG, for which electron correlation plays a negligible role if any, the interaction between electrons may bring much more complexity to the NSDI process and, more importantly, may obscure the possible interference pattern in the measured PMD. In addition to its principal significance as an inherent quantum feature, quantum interference in NSDI, similarly as in ATI and HHG, may also find potential applications in ultrafast science, in particular for ultrafast imaging of many-electron dynamics, for which electron correlation plays an indispensable role.
According to the electron rescattering picture, as a first step of NSDI, a bound electron tunnels through the potential barrier formed by the intense laser field and the atomic potential. The freed electron may then be driven back to collide with the parent ionic core. If its return energy is high enough, the electron will knock out the second electron from the core to induce double ionization (DI) via recollision-impact-ionization (RII). In this pathway, the second electron is directly pumped into a continuum state. The subsequent motion of both electrons can be described by the classical Newtonian equations. Interference arising from the quantum aspects of the electron wavepackets so far has not been observed. Indeed, many of the key experimental features related to this pathway can be well reproduced by such classical models (for reviews, see e.g., Ref. [31] ). Moreover, the unavoidable complexities of actual NSDI experiments, such as focal averaging and integration over the perpendicular momentum components, which are not well resolved, tend to wash out quantum features such as interference [34, 35] . There is another pathway to double ionization, which is known to be especially relevant in the below-threshold-intensity region (where the maximal kinetic energy upon return is below the ionization potential of the singly charged ion). In this scenario, in the collision the second electron is pumped into an excited state from where it is subsequently liberated by the laser field. This pathway was dubbed recollision-excitation with subsequent ionization (RESI). Usually, depending on the laser parameters, only a few excited ionic states contribute to this process. Hence, it can be expected that the effect of interference could be more easily observed for this pathway. If identified, it will provide opportunities to probe or control the excited-state dynamics in the intense laser field.
We should remark that in the below-threshold intensity region, the electron-momentum-correlation distribution (EMCD) of the Ar atom shows a transition from anticorrelation to correlation with increasing laser intensity [36] , which may be attributed to interference between different RESI channels [37] or to a multiple-rescattering process [38] . Moreover, recent analysis indicates that interference in the RESI process may lead to a change of the EMCD with increasing pulse duration [39] . However, no decisive conclusion has been reached for these phenomena yet.
Here we report clear evidence of quantum interference, arising from the RESI pathway in NSDI of the xenon atom subject to a mid-infrared laser field. The identification of quantum interference has been made possible by a careful inspection of the intensity dependence of the EMCD, for which both RII and RESI contribute. The blue curve denotes the laser electric field. As time evolves, one of the valence electrons is liberated through tunneling at t b . This electron is accelerated into a recollision with the core at the time tc when there are two pathways: (i) it will knock out the other electron to induce double ionization (RII) (not shown here); (ii) it will pump the core into one of several excited states and the excited core will be further ionized by the laser electric field (RESI) at ti. One typical rescattering orbit is indicated by the black curve. The electron wavepackets from different excited-core channels will interfere, which leads to an oscillation of the intensity dependence of the asymmetry parameter of the EMCD, see text for details. The 3 pictures in the lower part depict three key steps of the physical process in question.
For the RESI pathway, the second electron may arrive in the same final state through different intermediate ionic excited states, see Fig. 1 . The interference between different excitation channels will give rise to a distinct intensity-dependent feature revealed in the experiment. By disentangling the contributions of the RII and the RESI pathways in our analysis, the effect of quantum interference in the RESI pathway becomes obvious.
II. RESULTS
The experiments have been performed for Xe subject to intense midinfrared laser field at 2400nm with cold target recoil-ion momentum spectroscopy (COLTRIMS) [40] [41] [42] . The mid-infrared laser field employed in our experiments is generated from a commercial OPA laser system (TOPAS-C, Light Conversion, Inc.), which is pumped by a Ti:Sapphire femtosecond laser system (Legend, Coherent, Inc.) with a repetition rate of 1 kHz at 800 nm. Before the laser beam is directed into a newlybuilt COLTRIMS, the laser pulse energy is precisely controlled with a combination of a broadband achromatic λ/2 plate and a broadband thin-film polarizer. The laser beam is focused with a concave mirror inside the vacuum chamber and the atomic supersonic beam is irradiated by the intense laser field in the focus. The created photoelectrons and photoions are accelerated by a uniform weak electric field (around 13.8 V/cm) towards Microchannel Plate (MCP) detectors equipped with delay line anodes (HEX75 and DLD80, RoentDek Handels GmbH, for electrons and ions, respectively). From the impact positions and times-of-flight resolved by the detectors, the threedimensional momenta of both fragments can be retrieved. A weak uniform magnetic field (around 4.7 Gauss) generated by a pair of Helmholtz coils is applied to confine the electron movement perpendicular to the electric field. The earth magnetic field is compensated with two pairs of auxiliary coils. A varied pinhole, which can be tuned with four micrometer drivers outside the vacuum chamber, is employed to reduce the intersection of the supersonic beam and therefore the production rate of photofragments when necessary. The laser intensities are determined with a procedure utilizing the photoelectron momentum distribution from ionization of atoms subject to a close-to-circularly polarized laser field, where nonadiabatic effects are considered [43] . During the measurement, great attention is paid to keep the production rate of photofragments below 20% of the repetition rate, which ensures that less than one ionization event occurs for each pulse. The false coincidence from the background is estimated to be around 6%.
The measured longitudinal-momentum distributions of the Xe 2+ ion are shown in Figs. 2(a)-(c). A pronounced monotonic transition from a flat-top to a broad doublehump structure with a well developed minimum at zero momentum is observed when the laser intensity is increased from I = 1.7×10
13 W/cm 2 (see Fig. 2 (a)) to I = 4.8×10
13 W/cm 2 (see Fig. 2(c) ). This feature can be attributed to the contribution of RII, which increases with increasing return energy of the returning electron. In detail, the results can be well understood by considering the energy dependence of the cross sections of electron impact ionization and excitation [44, 45] .
For further study of NSDI of Xe, the EMCDs are also measured. The typical results are shown in Figs. 2(d)-(f). Similar to other noble gases [29] [30] [31] , the EMCDs for this long wavelength show a pattern typical of the NSDI process: two symmetrical maxima in the 1st and 3rd quadrants at momenta far from zero. This is in contrast to the distributions at 800 nm, which show a sequential feature [29] over a wide range of intensity: symmetrical distributions with respect to the maximum (at the origin) in all four quadrants [46] . At low intensities (see Fig.  2 (d)), the momentum distributions are concentrated in the 1st and 3rd quadrants along the main diagonal meaning that both electrons are emitted into the same hemisphere with similar longitudinal momenta. As discussed extensively [29, 47] , this electron correlation is characteristic of the RII pathway. However, some events in this figure can be attributed to the RESI pathway, where excited states are involved during ionization. In contrast to RII, electrons liberated by the RESI mechanism are found in all four quadrants [36, [47] [48] [49] . Since RII events are mainly concentrated in the 1st and 3rd quadrants, the yields in the 2nd and 4th quadrants should reflect the RESI contribution. With increasing intensity, the distributions in the 1st and 3rd quadrants cover larger and larger areas, with distinct off-diagonal structures [see Figs. 2(e) and 2(f)], which are close to the situation at 3.1µm [50] .
To shed more light on the intensity dependence of the EMCDs, we extract the difference between the total yields in the 1st and 3rd quadrants and those in the 2nd and 4th quadrants and express it through the asymme-
where Y 1&3 and Y 2&4 denote the yields in the 1st and 3rd quadrants and those in the 2nd and 4th quadrants, respectively. Recall that, within the rescattering scenario, correlated electron pairs, which populate the first and third quadrants (i.e., the final momenta have the same sign), are usually attributed to the RII pathway. On the other hand, the anticorrelated electron pairs, which populate the second and fourth quadrants (i.e., the final momenta have opposite signs), are associated with the RESI pathway. This asymmetry parameter allows for a quantitative comparison of the contributions from RII and RESI pathways [51] . This in turn enables one to extract substantial quantum aspects in the NSDI process [37, 39] , which are usually masked by the experimental complexities, such as focal averaging, etc. The intensity dependence of α is presented in Fig. 2(g ), which exhibits a remarkably pronounced fast oscillation on top of a smooth background.
III. DISCUSSION
What is the physics behind this oscillation structure? One possible mechanism appears to be resonance between bound states similar to the Freeman resonances in the ATI process. However, this can be ruled out by considering that, for a laser wavelength of 2400 nm, the intensity change corresponding to the ponderomotiveenergy change △U p = ω is only about 1TW/cm 2 , which is much smaller than the period (about 5∼10 TW/cm 2 ) of the oscillation shown in Fig. 2(g) .
To understand the physics behind the oscillation, we first perform a calculation based on the semiclassical model. The calculation procedure is based on a wellverified numerical method, which has been employed successfully to understand many aspects of the NSDI process, e.g., the knee structure in the distribution of the yield of double-charged ions versus intensity; the maxima in the 1st and 3rd quadrants of the EMCD etc. [52] [53] [54] [55] .
In this model [52] [53] [54] [55] [56] , one electron is released at the outer edge of the field-suppressed Coulomb potential through tunneling with a rate given by the ADK formula [57] . The subsequent evolution of the tunneled and the bound electron is determined by Newton's equation of motion (in atomic units, e = m = = 1)
Here, i = 1, 2 denote the tunneled and the initially bound electrons with ionization potentials I p1 and I p2 , respectively. The laser field E(t) = f (t)E 0 sin ωtẑ is linearly polarized in the z direction and has a cosine square envelope. The Coulomb potentials are V i ne = −Z eff /|r i | and V ee = 1/|r 1 − r 2 |, where Z eff = 2I p2 is the effective charge of the Xe 2+ ion and r i the position vector of the ith electron with respect to the nucleus.
In order to solve Eq. (1), we have to determine the initial conditions of the two electrons. Assuming the quasi-static approximation is valid for the tunneled electron, its initial conditions can be obtained. The tunneling process can be described in parabolic coordinates by the Schrödinger equation [58, 59] 
Equation (2) describes the tunneling process for a single electron with energy K = I p1 /4 within a one-dimensional effective potential U (η) = −(2 − 2I p1 )/4η − 1/8η 2 − Eη/8 where E is the uniform external field. At some time t 0 while the pulse is on, the first electron tunnels out of the effective potential U (η) at its turning point η 0 , which is determined by U (η) = K. The initial velocities are set to be v z = 0, v x = v ⊥ cos θ, and v y = v ⊥ sin θ, where v ⊥ is the transverse velocity, θ is the angle between v ⊥ and the x axis. The weight of each trajectory is evaluated by w(t 0 , v ⊥ ) = w(0)w(1) [57] , where 
The bound electron is initially in the ground state of the Xe + ion, and its initial distribution is approximated by a micro-canonical distribution [60] .
The calculated results based on the above semiclassical model are presented in Fig. 3 . If all DI events are included, as shown in Fig. 3(a) , the asymmetry parameter α shows a smooth hump structure, which is qualitatively consistent with the measurements (see Fig. 2(g) ) except that the distinct oscillation on top of the hump is absent. Some very small oscillations that may be identified in Fig. 3(a) can be attributed to fluctuations in the Monte-Carlo simulation. Generally, in the semiclassical model, the contributions from RII and RESI can be distinguished by the time interval ∆t between the collision time and the ionization time. If ∆t < 0.1T (T is the optical cycle), the DI event can be envisioned as a RII event, otherwise as a RESI event. Here we calculate the asymmetry parameters for both cases separately and also for the total. The procedure is analogous to that applied in Fig. 2 , where the asymmetry parameter (in Fig. 2(g) ) is extracted from the measured EMCDs [e.g.,
Figs. 2(d), 2(e), and 2(f)]. (Note that Figs. 3 (d)-(f)
only display the EMCDs for the RESI pathway.) The asymmetry parameter of the RII process (see Fig. 3(b) ) decreases monotonically while for the RESI process (Fig.  3(c) ) it shows a hump similar to Fig. 2(g ). This result gives us a hint that the hump structure may mainly come from the events with ∆t > 0.1T , i.e., the RESI pathway.
The above behavior of the calculated asymmetry parameters for ∆t < 0.1T and ∆t > 0.1T can be understood as follows. For each electron in an event of ∆t < 0.1T , its final momentum is the sum of its residual momentum right after the recollision and the drift momentum due to the subsequent acceleration in the laser field. Calculation shows that, since the DI events are mainly induced by forward scattering provided only the orbits with single-return collision are considered, the residual momenta and the drift momenta tend to cancel each other [61] . Although both the residual momentum and the drift momentum increase with increasing laser intensity, the residual momentum grows faster, which results in a smaller final momentum and even a reversal of its direction. Note that the residual momentum is usually smaller than the drift momentum at low intensity. Therefore, the areas covered by the electrons in the EMCD become larger and move closer to the origin. Hence, with increasing intensity, more and more population coming from events with ∆t < 0.1T spills over into the 2nd and 4th quadrants, This gives rise to the monotonic decrease of the asymmetry parameter with rising laser intensity [61] .
In contrast, for the RESI events with ∆t > 0.1T , the intensity dependence of the momentum distributions is different for the two electrons. The first electron is in the same situation as discussed above for ∆t < 0.1T . However, the second electron is liberated with no residual momentum: its final momentum is only determined by the drift momentum. Therefore, with increasing intensity, the momentum of the first electron becomes smaller, while that of the second one becomes larger, which will cause the momentum distribution in the case of ∆t > 0.1T to move i) toward the vertical axis and ii) away from the origin, as shown by Figs. 3(d) , 3(e) and 3(f). It should be noted that no symmetrization is applied in Fig. 3 . In fact, i) and ii) have opposite effects on the asymmetry parameter and one or the other may dominate depending on the laser intensity. At low intensity, e.g., 2 × 10 13 W/cm 2 where the momentum distributions are near the origin (see Fig. 3(d) ), the effect of ii) dominates. With rising intensity, the electron distributions will move away from the origin and the asymmetry parameter will increase until I = 4 × 10 13 W/cm 2 (see Fig.  3(e) ). At this intensity, the distributions are already very near the vertical axis and the effect of i) starts to dominate. If the intensity increases further, as shown in Fig.  3(f) , the asymmetry parameter decreases. As a result, the evolution of the asymmetry parameter with respect to laser intensity for the RESI process (see Fig. 3(c) ) shows a hump structure. This structure will persist even after the RII contributions are put in. The RII contribution will add a smooth decreasing background but not degrade the hump structure (see Fig. 3(c) ).
We notice that, as discussed above, the pronounced oscillation on top of the measured hump is absent in the semiclassical simulation. This suggests that it has to be attributed to a quantum feature. To support this hypothesis, we employ the quantum-mechanical strongfield approximation (SFA) to simulate the NSDI process. The SFA theory has been very successful in explaining basic features of the NSDI process, e.g., it is capable of predicting quantum interference effects [37, 39, 62] . In the frame of the SFA, RII can be described as a threestep process: in the first step, the first (initially bound) electron is promoted by the laser field to a Volkov state. In the second step, the first electron interacts with the second (up to this time still bound) electron via their repulsive Coulomb potential. In the final step both electrons are described by Volkov states while they travel towards the detector. To describe the RESI process, a fourth step has to be added. Namely, the recolliding first electron does not immediately liberate the second electron, but only promotes it to an excited state, from which it is freed by the laser field at a later time. In the RESI process, the second electron may acquire the same final momentum through different intermediate ionic excited states, and these excitation channels may interfere with each other [37] . To include the interference between different ionic excitation channels, two excited states (5p 4 5d and 5p 4 6s) are taken into account in our calculation. In addition, depletion of the excited state is also included in our model [37] .
Our calculations are based on the length-gauge strongfield approximation. The transition amplitude of the RII process is (atomic units m = = e = 1 are used) [63] 
where |ψ
is the ground state of the ith electron, |ψ (V ) p (t) the Volkov state with asymptotic momentum p, V 1 denotes the binding potential of the first electron, and V 12 is the interaction between the two electrons.
The transition amplitude of the RESI process for the excitation channel j is, taking into account depletion [37, 48] 
where the depletion rate of the excited state is approximately described as γ j sin 2 ωt/2, with the decay rate γ j calculated from a numerical solution of the timedependent Schrödinger equation for each excited state. The ket |ψ 
where Z eff i = n 2I pi is the effective charge of the ith electron, n is the principal quantum number of the bound state, and I pi the respective ionization potential of the ith electron.
The multiple integrals in Eqs. (5) and (6) are solved using saddle-point methods. The corresponding saddlepoint equations for the RII process are
and for the RESI process
Equations (8) and (11) describe the tunneling process of the first electron, Eqs. (9) and (12) give the energy conserving condition, Eqs. (10) and (13) express the return of the first electron to its parent, and Eq. (14) describes the tunneling process of the second electron from its excited state. Due to depletion, here we only take into account the orbit whose ionization time t is later than and closest to the collision time t ′ . The wavefunctions used in our calculation are obtained numerically based on the method in Ref. [64] . In our calculation, only the states with zero magnetic quantum number are taken into account due to the linear polarization of the laser field. In the calculation of the RESI process, two excitation channels of Xe + are enough to produce a result qualitatively consistent to measurement. Their configurations are listed in Table 1 . It should be noted that the excited state 5p 4 5d is a pure 5d state, while the state 5p 4 6s contains an about 10-percent 6d admixture in addition to the dominant 6s component.
The asymmetry parameters of the RII and RESI processes calculated via the SFA are shown in Figs. 4(a)  and 4(b) , respectively. The asymmetry parameter of RII shows a smooth decreasing trend similar to the corresponding semiclassical result in Fig. 3(b) though it drops much faster and even turns negative. The difference is due to the underestimate of the contributions of the long orbits (the travel time between the tunneling ionization time and the rescattering time is longer than one optical cycle) by the SFA [61] . The long orbits always contribute to the 1st and 3rd quadrants in the EMCD, since the momenta of the long orbits increase much more slowly with increasing laser intensity, in contrast to those of the shortest orbit.
Satisfactorily, if the contributions of the two ionic excitation channels are summed coherently, according to Fig.  4 (b) the asymmetry parameter of the RESI process shows a very clear oscillation, which is qualitatively close to the experimental result in Fig. 2(g) . However, if the contributions of the two channels are summed incoherently, the oscillation disappears. Therefore, the oscillation can be attributed to the interference between different ionic excitation channels.
To provide further insight into the interference mechanism behind the oscillation, in Fig. 5 we present the EMCDs for the two ionic excitation channels and their coherent sum at 3 typical laser intensities (the corresponding laser intensities are indicated in Fig. 4(b) with red arrows). In the calculation, we restrict ionization of the first electron to the first half optical cycle of the laser field. To simplify the analysis, no symmetrization procedure is applied to any of the calculated EMCDs in Fig.  5 . The figure demonstrates that the shape of the momentum distributions varies with channel and intensity. The momentum distributions in Figs. 5(d)-(f) show a 6d-like shape rather than a 6s-like shape (the s state usually has a cross-like shape with the distribution mainly on the axes; see, for example, Ref. [39] ). The reason is that, with the numerical wavefunction employed in our calculation, the excited state of 5p 4 5d can be taken as a pure 5d state, while the state of 5p
4 6s contains about 10-percent 6d component in addition to the dominant 6s component. Although the percentage of 6d component is small, it makes the dominant contribution to the double ionization in the 5p 4 6s channel due to its much larger cross section compared with the 6s component.
Generally, for each individual ionic excitation channel, the EMCD is symmetric with respect to the p e2 = 0 axis. But once the two channels are summed coherently, the above symmetry of the EMCD is broken. At the intensity of 1.7 × 10 13 W/cm 2 (see Fig. 5(g) ), the interference effect is not obvious: due to the relatively small amplitude of the 5p 4 5d state, the difference between the upper (p e2 > 0) and lower (p e2 < 0) parts of the distribution can only be seen after integration as shown in Fig. 4(b) where the asymmetry parameter shows a minimum. When the intensity increases to 2.6 × 10 13 W/cm 2 , the interference effect becomes evident and a bright spot arises in the lower part of the distribution (the third quadrant) while the distribution in the upper part (the second quadrant) is reduced as can be seen in Fig. 5(h) . When the intensity increases further to 5.3 × 10 13 W/cm 2 , the distribution in the upper part is significantly enhanced and two maxima appear. Therefore, when the intensity increases, the asymmetry parameter oscillates, alternatingly enhanced by constructive interference and suppressed by destructive interference (see Fig. 4(b) ).
The above interference effect is rooted in the phases of the two contributing channels, which are intensity dependent. To see this more clearly, in Fig. 6 we plot the real and imaginary parts of the transition amplitudes M j of the two channels with j = 1, 2 (j = 1 corresponds to the 5p 4 5d state and j = 2 corresponds to the 5p 4 6s state) at different intensities. For simplicity, we have extracted the phase of channel 2, i.e., we plot the real and imaginary parts of |M j |e i(ϕj −ϕ2) , where ϕ j is the phase of the transition amplitude M j . The momentum of the first electron is fixed while the momentum of the second electron varies along the white lines in Figs. 5(g)-(i) (here only momenta with zero transverse components are considered since the differential ionization rate decreases fast with increasing transverse momentum). Figure 6 clearly pinpoints the origin of the interference. Since the amplitude of channel 1 is very small compared with channel 2 at low laser intensities, for visual convenience the amplitude of channel 1 is multiplied by factors of 10 and 5 at the intensities of 1.7 × 10 13 W/cm 2 and 2.6 × 10 13 W/cm 2 , respectively. At the lowest intensity of 1.7 × 10 13 W/cm 2 , for positive momentum the two channels interfere constructively both in the real and the imaginary part, while for negative momentum there is marked destructive interference between the two channels in the imaginary part. At the intermediate intensity, the situation reverses. The destructive interference appears at positive momentum in the real part of the amplitude while all the other parts show a constructive interference. It is interesting that the situation reverses again at the highest intensity of 5.3 × 10 13 W/cm 2 : the destructive interference moves back to negative momentum in the imaginary part. As a result, after integration over the momentum, the above intensity-dependent interference leads to the oscillation of the asymmetry parameters shown in Fig. 4 .
It should be mentioned that thus far the SFA calculation results cannot be quantitatively compared to the measurements. This can be attributed to the fact that the SFA model neglects the influence of the ionic Coulomb potential on the photoelectron [61] and also the influence of the external field on the excited states. In addition, many excited states could be involved in the ionization process. To make the calculation capacity within our reach, at this stage we only considered the simplest situation that two excited states are involved. Therefore, only a qualitative description of the oscillation can be achieved in the present theory. However, our analysis indicates that the interference between different channels in the RESI process can indeed give rise to an oscillatory intensity dependence of the asymmetry parameter, which is beyond the scope of the semiclassical picture of the NSDI process. The detailed structure, i.e., the intensities where the peaks occur and their separations etc., differs from the experimental data. This is not a surprise since only a qualitative description of the oscillation can be achieved in the present theory, as explained above. Thus a much more elaborate theory is still required to provide a quantitative description of the experimental results presented here.
IV. CONCLUSION
To conclude, we report the experimental observation of a pronounced oscillation in the asymmetry of the electron-electron momentum correlation of nonsequential double ionization of xenon in a 2400-nm laser field upon variation of the laser intensity. Namely, the population of the 2nd and 4th quadrants of the EMCD (the two electrons emitted back to back) oscillates with respect to that in the 1st and 3rd quadrants (the two electrons emitted side by side) if the laser intensity increases. We performed semiclassical simulations, which reproduced the overall shape of the asymmetry parameter, but not the oscillation. This suggests that the oscillation can be attributed to the contribution of a quantum process. On the basis of simulations using the quantum-mechanical strong-field approximation, we attribute this oscillation to the interference between ionization channels from different intermediate ionic excited states in the RESI pathway. Our work provides an experimental fingerprint that interference plays an important role in the NSDI process. This interference effect in NSDI may also be present in other experimental schemes, and, for example, it could be interesting to see how the oscillation in the asymmetry manifests itself for the bicircular laser fields [65, 66] .
Looking forward, interference-related effects may provide a new avenue to image the ultrafast electron dynamics in an intense laser field. Compared to the relatively well established presence of interference in ATI or HHG, for NSDI we are confronted with a completely new situation: the RESI pathway, which introduces a nonzero time difference between recollision and second ionization, allows one to image the ultrafast evolution of the excited electronic wavepackets in atomic or molecular ions. This is especially important for molecular systems, for which the excited states will evolve while the nuclei are moving. One could employ, e.g., laser pulses with different wavelengths, such as in the "molecular clock" scheme [67] , to probe and manipulate the correlated dynamics of the nuclei and the excited states of the molecular ions through the interference arising from the RESI pathway.
